The Turkic language was introduced in Anatolia at the start of this millennium, by nomadic Turkmen groups from Central Asia. Whether that cultural transition also had significant population-genetics consequences is not fully understood. Three nuclear microsatellite loci, the hypervariable region I of the mitochondrial genome, six microsatellite loci of the Y chromosome, and one Alu insertion (YAP) were amplified and typed in 118 individuals from four populations of Anatolia. For each locus, the number of chromosomes considered varied between 51-200. Genetic variation was large within samples, and much less so between them. The contribution of Central Asian genes to the current Anatolian gene pool was quantified using three different methods, considering for comparison populations of Mediterranean Europe, and Turkic-speaking populations of Central Asia. The most reliable estimates suggest roughly 30% Central Asian admixture for both mitochondrial and Ychromosome loci. That (admittedly approximate) figure is compatible both with a substantial immigration accompanying the arrival of the Turkmen armies (which is not historically documented), and with continuous gene flow from Asia into Anatolia, at a rate of 1% for 40 generations. Because a military invasion is expected to more deeply affect the male gene pool, similar estimates of admixture for female-and male-transmitted traits are easier to reconcile with continuous migratory contacts between Anatolia and its Asian neighbors, perhaps facilitated by the disappearance of a linguistic barrier between them. Am J Phys
Evolutionary inferences from data on contemporary populations are complicated by the fact that long-term population sizes, rates of gene-flow, and selection coefficients are seldom known. As a consequence, observed patterns of genetic variation are often compatible with more than one evolutionary model. To discriminate among competing hypotheses, however, one can exploit the available wealth of archaeological and linguistic data. Comparative studies of biological and cultural diversity (Sokal, 1988; Cavalli-Sforza et al., 1988; Torroni et al., 1993; Barbujani and Pilastro, 1993; Ward et al., 1993; Poloni et al., 1997) have provided insights into important aspects of the human evolutionary history.
In Europe, many linguistic barriers, and especially those between Indo-European and non-IndoEuropean speakers, are associated with increased genetic change (Sokal et al., 1990 , and references therein), probably because genetic and linguistic diversity have often been shaped by the same demographic changes (Cavalli-Sforza et al., 1988; Barbujani, 1997) . However, despite the presence of a major language barrier (Altaic vs. Indo-European), no clear discontinuity has been described so far between the European and the Anatolian (i.e., Asian Turkish) gene pools, in large-scale analyses of blood groups, electrophoretic polymorphisms Harding and Sokal, 1988; Simoni et al., 1999) , and mitochondrial DNA (Comas et al., 1996; Simoni et al., 2000) . Conversely, mitochondrial data suggest that a statistically significant difference exists between Anatolia and its Arabic-speaking southern neighbors (Simoni et al., 2000) . The limited genetic change across the boundary between Turkic and Indo-European languages calls for an explanation. Has linguistic change occurred independently from genetic change in Anatolia, and, if so, why?
To address this question, we collected blood samples in four Anatolian population groups, from which 11 DNA markers were typed. By analyzing those data, along with other data collected in the literature, we then tested whether DNA variation in Anatolia is consistent with any of the demographic models that can be built on the basis of historical and linguistic evidence.
THREE MODELS
The historical record shows that, in the 11th century AD, Anatolia was invaded by nomadic groups from Central Asia, collectively referred to as Oghuz (Akyildiz, 1997; Endress, 1988) . The Oghuz Turks, called the Turkmen in Europe, are documented in the area between Mongolia and the Caspian sea from the 9th century AD. Under the leadership of the Seljuq family, they entered Iran, and, in 1044, emerged as secular rulers of the entire Islamic Near East, except Syria and Egypt. With their invasion of Anatolia in 1071 (Roux, 1984; Akyildiz, 1997; Endress, 1988) , their language was imposed upon most resident populations, previously speaking Indo-European languages (Ruhlen, 1991) .
The linguistic and political consequences of these episodes are well-documented (e.g., Renfrew, 1987) , but it is not clear to what extent the Anatolian gene pool was affected by the Oghuz invasion. Schematically, three main scenarios may be envisaged, and they are liable to be tested using genetic data. One possibility is elite dominance (Renfrew, 1989) , i.e., the process whereby the language of a few individuals is adopted by the rest of the population. Such elites are often military, and in their scrupulous study of the effects of historical episodes on population affinities, Sokal et al. (1996) concluded that military attacks have very limited genetic consequences. For the sake of clarity, here we shall posit that they had no genetic consequence at all (pure elite dominance; Fig. 1) ; indeed, there is evidence among Finn speakers of language replacement with no detectable genetic consequences (Sajantila and Pä ä bo, 1995 ). An alternative is that the arrival in Anatolia of substantial numbers of Central Asian Turkic-speakers would have caused parallel linguistic and demographic changes, the latter reflected in new allele frequencies and in the presence of novel alleles in the Anatolian gene pool. That may have happened either at a specific moment in time (second possibility: instantaneous admixture) or through continuous immigration across many generations (and that is the third possibility). Because the Oghuz invaders were soldiers, and therefore mostly males, if immigration was instantaneous, greater effects may be expected upon Y-chromosome variation, whereas a continuous immigration seems compatible with equally large changes in the female-as well as in the male-transmitted portion of the genome. In this study we looked for evidence supporting any of the three models outlined above (Fig. 1) , whose consequences are summarized in Table 1 . Note that in all three cases, the linguistic transition may be explained by the imposition of the language of a minority to all members of the Anatolian population, i.e., by elite dominance sensu Renfrew (1989) .
MATERIALS AND METHODS

Samples
Blood samples were collected from 118 male, Turkic-speaking, unrelated blood donors dwelling in four areas of Anatolia (Fig. 2) , namely the Aegean coast around the city of Izmir (sample IZM), the southern Mediterranean coast around the town of Antalya (sample ANT), the central Anatolian plain around Ankara (sample ANK), and eastern Anatolia, close to the lake of Van (sample VAN). For ethical and legal reasons, the members of the samples were anonymous. Inhabitants of the major towns, who have a higher probability to be recent immigrants, were excluded, and special care was taken to avoid related individuals. The blood was preserved in K-EDTA solutions, and it was kept at Ϫ80°C until DNA extraction. No information was recorded about self-assessed ethnic affiliations.
DNA extraction and mitochondrial sequencing
DNA was extracted from the whole blood, either by the classical protocol (Maniatis et al., 1982) or by using a 5% Chelex-100 solution (Walsh et al., 1991) . It was then suspended in sterile water and kept at 4°C. The mitochondrial control region was amplified using the primers L15926 and H408. A sequence of 360 base pairs within the first hypervariable region (hereafter, HVRI), between positions 16024 -16383 of the Cambridge reference sequence (CRS; Anderson et al., 1981) was obtained by Thermo Sequenase™ cycle sequencing (Amersham kit), using L15996 and/or H16401 (Vigilant et al., 1989) . Variable positions in the sequence are here indicated by the numbering of the CRS less 16,000. The sequences of the primers are in Table 2 .
Nuclear microsatellites
Three microsatellite loci were analyzed. PLA2A (Hammond et al., 1994) and MFD179 (Deka et al., 1995) were amplified using steps of 94°C for 30 sec, annealing steps of 58°C for 30 sec, and elongation steps of 72°C for 30 sec. TH01 (Hammond et al., 1994) was amplified under similar conditions, but increasing the annealing temperature to 61°C. Thirty cycles were performed for all loci. The reactions were terminated by a step of 72°C for 3 min. (primers are listed in Table 1 ). The alleles (here designated by their repeat number, but see footnote of Table 2 ) were separated on an 8% acrylamide gel, and the bands were visualized by a silver staining procedure.
Y-chromosome markers
Seven loci of the Y chromosome were typed, six of them microsatellites. An Alu insertion, or YAP element, was amplified in 35 cycles, using a denaturation step of 94°C for 30 sec, an annealing step of 51°C for 30 sec, and an elongation step of 72°C for 45 sec (Hammer and Horai, 1995) . DXYS156 was amplified in 35 cycles, using a 58°C annealing temperature for 30 sec (Chen et al., 1994) . Four tetranucleotide repeat loci, DYS19, DYS390, DYS391, and DYS393, were amplified together in 35 cycles, using denaturation steps of 94°C for 30 sec and elongation steps of 72°C for 1 min; a 58°C annealing step was performed for 20 cycles, and then the temperature was decreased to 56°C for the last 15 cycles (Kaiser et al., 1997) . Finally, a trinucleotide microsatellite, DYS392, was independently amplified under the same conditions as above. All reactions were terminated by a step of 72°C for 5 min (sequences of primers are in Table 1 ).
The presence of the Alu insertion was investigated by running the amplified products in 2% agarose gel, and checking whether a 455-bp or a 150-bp band was present. The alleles of the microsatellite loci were visualized by an automated sequencing system (ALF-Pharmacia), using CY5 labelled primers, or silver staining dye after a run over a 6% acrylamide gel. Greater than zero Same as on mtDNA diversity 1 These models were termed, respectively, "intermixture" and "gene flow" by Long (1991) . 
Diversity indices and phylogenetic analysis
The nucleotide diversity was estimated as
where n is the sample size, L is the length of the sequence of interest, and x ij is the frequency of the i-th nucleotide at the j-th site (Nei and Tajima, 1981) .
Gene diversity D (often referred to as heterozygosity) was estimated as
where n is sample size and q i is the allele frequency (Nei, 1987) . Genetic heterogeneity, within and among populations, was quantified by estimating Wright's F statistics, or their molecular equivalents, the ⌽ statistics, by means of the analysis of molecular variance (AMOVA; Excoffier et al., 1992) . The ⌽ statistics are genetic variances, estimated taking into account not only frequency differences between individuals and populations, but also the molecular differences between mitochondrial sequences or microsatellite alleles. The significance of the variance components thus estimated was assessed by randomization (Excoffier et al., 1992) . The phylogenetic relationships among sequences were inferred by maximum parsimony. One thousand putatively most-parsimonious trees were generated in repeated runs of DNAPARS* from Phylip 3.5c (Felsenstein, 1989) , and the consensus tree was obtained by CONSENSE from the same software package.
Estimating admixture: assumptions
Models of admixture are necessarily based on several assumptions (e.g., see Guglielmino et al., 1990; Long, 1991; Comas et al., 1998) , which we shall here make explicit. To quantify the contribution of alleles of Central Asian provenance to the current Anatolian gene pool, the simplest starting point is to assume that, before the 11th century AD, the Turkish population was genetically similar to its neighbors in the Mediterranean area, i.e., the Levant and Southeastern Europe. If so, the best estimates of Turkish allele frequencies before admixture are the frequencies of the same alleles in the available samples from that area, q E .
Second, before 992 AD, the Oghuz tribes were located in what is now Kirghizistan (Endress, 1988) . Today, the Kazakh, Uighurs, and Kirghiz of Central Asia are among the closest linguistic relatives of the Turks, all belonging to the Common Turkic branch of the Altaic language phylum (Ruhlen, 1991) . If linguistic affinities reflect common origins in the not-so-remote past (as suggested by several authors, including Sokal, 1998; Cavalli-Sforza et al., 1988 , the best available estimate of the immigrants' allele frequencies are the frequencies of the same alleles among Turkic speakers of Central Asia, q A .
The genetic data available for Kirghiz, Kazakh, and Uighur (Comas et al., 1998; Perez-Lezaun et al., 1999) seem therefore suitable for this purpose. We believe that this is true even if these populations show some evidence of admixture, which Comas et al. (1998) attributed to their central position in a gradient going from East Asia to Europe, and/or to the movement of people along the Silk Road (Comas et al., 1998) . In both cases, the gene-flow phenomena that could have affected the genetic composition of the Kirghiz, Kazakh, and Uighur appear older and more time-diluted than the specific admixture process we are analyzing in this study. Given the allele frequencies estimated in this study for the four Turkish samples, q T , the contribution of Central Asian genes to the Anatolian gene pool was thus estimated in three ways. The first two methods are classical ways to quantify admixture in populations where migration can be considered unidirectional (from Asia into Turkey, in this case). Both methods are applied to allele frequencies, and the results are averaged across alleles. Since we also had measures of sequence divergence between alleles, we also used a third, multilocus method for inferring admixture from the mean coalescence times between alleles.
Estimating admixture: 1. Single-locus, instantaneous gene flow. Under an island model (Wright, 1969) , and assuming that all gene flow from Central Asia into Turkey occurred at one moment in time, the relationship between the allele frequencies in Turkey, Europe, and Central Asia is
where m I is the only unknown term, and can be defined as the instantaneous gene-flow rate, i.e., the amount of immigration necessary for q E to reach q T in one generation's time.
Estimating admixture: 2. Single-locus, continuous gene flow. Alternatively, one may imagine that the current allele frequencies in Anatolia are the result of continuous gene flow from Asia, across the 1,000 years, or 40 generations, following the Oghuz invasion. From the formula above, one obtains
which can be solved for m c , the rate of continuous gene flow per generation. Note that 40 generations is a minimum estimate of the time through which gene flow may have occurred between Anatolia and Central Asia, once the language barrier between them began to be removed. Had genetic exchange begun earlier, lower rates of gene flow (i.e., lower m c values) could account for the data.
Estimating admixture: 3. Multilocus, instantaneous gene flow. To estimate admixture from multilocus data (see also Chakraborty et al., 1992) , we chose a recently developed method based on the estimation of the mean coalescence times between pairs of alleles drawn from the three populations of interest (Bertorelle and Excoffier, 1998 
Other samples considered and expected results
Allele frequencies of TH01 in an additional Anatolian sample, Adana (Alper et al., 1995) , were added to the database analyzed, for a total of 590 chromosomes. The same was done with 74 Turkish mitochondrial sequences coming from all over the country (Comas et al., 1996; Calafell et al., 1996) , bringing the total Turkish mtDNA sample size to 146. Data about Central Asian populations are from Comas et al. (1998) for mtDNA, and from PerezLezaun et al. (1999) for Y-chromosome polymorphisms. In addition, we had unpublished allele frequencies for TH01 in 11 Uighurs and 9 Kirghiz (Luiselli et al., personal communication). The q E values of this study, for both nuclear and mitochondrial loci, are based on samples from Bulgaria, Greece, Crete, peninsular Italy, and Sicily (Fig. 2) . To the best of our knowledge, samples from the Levant have only been typed for different Y-chromosome markers than those typed in this study (Scozzari et al., 1997; Semino et al., 2000) . Therefore, for the sake of consistency, although mtDNA data were available in samples from the Levant (Druzes and Near-Eastern Arabs), they were not considered here.
Clusters of mitochondrial alleles
A mitochondrial phylogeny for Eurasia as a whole is not established yet, and it is unclear which sites are most informative for identifying evolutionary relationships among sequences from the two continents. Based on 217 individual sequences, Comas et al. (1998) listed nine substitutions which appeared restricted to Asia and six which were only found in Europe. That classification proved unsuitable in the present study, for some European sequences showed substitutions defined as typically Asian (e.g., at 16189), and vice versa (e.g., the 16129 -16223 motif). We therefore decided to identify in the data clusters of mtDNA sequences that show likely phylogenetic relationships, and to use their frequencies for comparing the three population groups of interest. Most such clusters correspond to the haplogroups which have been separately identified for Europe (Macaulay et al., 1999) and for Asia (Torroni et al., 1993; Kolman et al., 1996; Starikovskaya et al., 1998; Castrì, unpublished data) .
RESULTS
In the first hypervariable region of mtDNA, a 360-bp sequence was typed in 72 individuals (17, 19, 16 , and 20 for the ANK, ANT, IZM, and VAN sam-ples, respectively). Seventy-four polymorphic sites defined 61 haplotypes (Fig. 3) , with a gene diversity D ϭ 0.957. D is approximately constant for the four samples (0.923 in ANK, 0.886 in ANT, 0.933 in IZM, and 0.942 in VAN) , and the mean number of pairwise differences is also almost identical in ANK, ANT, and VAN (respectively, 4.69, 4.74, and 4.65) , with a lower value (3.47) only in IZM. As a consequence, estimates of nucleotide diversity, , are 0.013 in ANK, ANT, and VAN, and 0.010 in IZM. The most frequent sequence in Anatolia is the CRS (which is also the most common sequence in Europe) with a total frequency of 0.139. No significant differentiation is evident among samples (⌽ ST ϭ 0.004, n.s.), and neither was that variance significant when two other samples Comas et al., 1996) were compared.
Anatolian mtDNAs were classified in 24 groups based on HVR I motifs (Table 3) . Some European and Asian haplogroups defined in previous studies (such as haplogroups H and G, and some subgroups of cluster UK) were ignored due to the impossibility of identifying them on the basis of HVRI sequences. Even then, some ambiguities remained, because some clusters are characterized by substitutions at sites that may have undergone recurrent mutations (e.g., 16189, 16304, 16362, or 16311; Macalauy et al., 1999) . This is the case of haplogroup R1, which is defined on HVRI by a rather widespread transition at position 16311, and cluster JT, which is characterized by a transition at 16126. Moreover, some mutations have been observed in association with various haplogroups, whose frequency may consequently be under-or overestimated (e.g., cluster M). An example is the Asian haplogroup E, which shares with the European haplogroup X two transitions (16223 and 16278), also found in African sequences (Rando et al., 1998) .
Despite these ambiguities, the Anatolian populations tend to show intermediate frequencies between South European and Central Asian values (Fig. 4) . Note the relatively high frequency of sequences belonging to J, a rather common haplogroup in the Near East, and the presence of what Richards et al. (1998) termed subcluster J1b1, i.e., the HVRI motif 16069-16261-16145-16222-16172 (Fig. 3) , so far observed mostly in Northern Europe, but also in Italy (Richards et al., 1998) and Central Asia (Comas et al., 1999) .
Maximum-parsimony trees were estimated to assess the reliability of clusters of mitochondrial alleles used in this study. The resulting consensus tree (Fig. 5) confirmed the subdivision into the 24 groups listed in Table 3 . Two main clusters are apparent in that tree. The first one only includes two sequences likely related to the L3a* group (HVRI motif 16145-16176G-16223), observed in Africa, and which has candidate members in Southern Europe and the Near East (Macaulay et al., 1999) . Most other sequences fall in a much larger cluster, within which several previously described haplogroups can be identified. Another evident split separates the alleles harboring the 16223T substitution (Asian haplogroups M, C, and D, and European haplogroups I and X) from the rest of the sample.
We could attribute to the 24 haplogroups (Table 3 ) 62.3% of the Turkish mtDNA sequences available, 69.3% of the 205 Central Asian sequences, and 63.4% of the 142 European sequences. For the two single-locus methods described above, admixture proportions were inferred from the frequencies of these haplogroups.
Y-chromosome markers were studied in 118 individuals (Table 4) , but the complete set of loci could only be typed in 51 of them, among which 45 different multilocus haplotypes were found. D is lowest in the ANK sample (0.40), whereas in ANT, IZM, and VAN, D was respectively equal to 0.54, 0.53, and 0.47. The ANK sample shares one haplotype with IZM and another with VAN. No other shared haplotypes were observed. Once again, molecular variances are not significantly greater than zero among samples (⌽ ST ϭ 0.027, n.s.).
Two hundred chromosomes, 50 for each sample, were typed for the autosomic loci (Table 4) . Contrary to what observed for mtDNA and the Y chromosome, AMOVA shows significant differentiation among samples, accounting for only 1.82% of the total genetic variance, but reaching the P ϭ 0.011 significance level (⌽ ST ϭ 0.018). Because genetic variances were tested independently three times (for mitochondrial, Y-chromosome, and autosomic loci), this level of significance must be multiplied by 3. After such a Bonferroni correction (Sokal and Rohlf, 1995) , the overall differentiation remains significant (P ϭ 0.033), but that significance is entirely due to the effect of the MFD179 locus, where diversity among populations accounts for 7.4% of the total, ⌽ ST ϭ 0.070 (P Ͻ 0.001). On the contrary, amongpopulation variances are insignificant for TH01 (⌽ ST ϭ 0.013, P ϭ 0.069) and for PLA2A (⌽ ST ϭ 0.008, P ϭ 0.164).
Preliminary treatment of data for inferring admixture
The relative contribution of Central Asian genes to the current Turkish gene pool could be estimated on the basis of the mitochondrial HVRI, TH01, DYS390, DYS391, DYS392, DYS393, and DYS19. European and/or Central Asian data about MFD179, PLA2A, DYXS156, and YAP were insufficient for the purposes of the analysis, and had to be excluded. The Turkish samples described by Comas et al. (1996) and Calafell et al. (1996) were also insignificantly different from ours, as well as the TH01 frequencies of the Turkish population of Adana (Alper et al., 1996) . Therefore, in all successive steps of the analysis we treated all Turkish data as a single entity, thus assuming that the heterogeneity observed at the MFD179 locus does not indicate substantial population subdivision.
Estimates of admixture
All admixture models assume that the hybrid population (Anatolia in our case) has intermediate genetic characteristics between those of the parental populations. In practice, because of genetic drift and sampling effects, some allele frequencies of the supposedly hybrid population may be higher or lower than those of both parental populations, leading to single-allele estimates higher than 1 or lower than 0. We refer to those results as implausible. When estimating a rate of continuous gene flow, the logarithms of negative numbers are of course impossible to calculate; we refer to those results as intractable. In what follows, only the intractable results were disregarded, whereas means, medians, and standard errors were estimated from both plausible and implausible results, assigning equal weight to each locus. Table 5 summarizes the admixture estimates obtained by the single-locus approaches. The average m I and m c values estimated from the frequencies of the 24 mitochondrial haplogroups differ sharply from the respective median values, revealing a strong effect of some statistical outliers. The calculations were repeated several times, each time excluding one or more haplogroups, until it became evident that some rare haplogroups exerted a disproportionate effect on the final result. The haplogroup we refer to as V, for instance, is present in few individuals of Southern Europe and absent elsewhere, yielding m I and m c estimates ϭ 0. We eventually chose to reestimate m I and m c based on four haplogroups whose frequency is polymorphic (i.e., higher than 0.05) in at least two of the samples considered, i.e., D, K, T, and the CRS (and excluding M and X, whose frequencies are probably overestimated). These estimates, more robust than the previous ones, indicate that the effects of an instantaneous immigration of 29.5% of Central Asian alleles can be obtained under continuous immigration at a rate m c ϭ 0.01 per 40 generation.
When all tractable information is considered (Table  5 , five loci), the Central Asian contribution to the Anatolian gene pool appears lower for the Y chromosome than for mtDNA. By analogy to what had been done for mtDNA, we selected six alleles complying with the criterion of being polymorphic in at least two populations (DYS19*15, DYS19*17, DYS390*25, DYS392*11, DYS392*12, and DYS393*13). In this way, the standard errors are reduced, and the mean and median estimates differ only slightly. The m I inferred from these alleles is slightly higher than that inferred from mtDNA data; if it reflects continuous immigration from Central Asia, the rate is m c ϭ 0.01 per generation.
Estimates of admixture from the only nuclear marker for which comparison is possible suffer from the limited size of the Asian sample, 40 chromosomes. One allele proved to be intractable, and all alleles longer than TH01*10 have not been observed in Turkey and in the small Central Asian sample, leading to m I estimates ϭ 1, despite the fact that they are also extremely rare in Europe (q E Ͻ 0.003). When these alleles are neglected, the autosomal estimate of m I is a low 0.078, which does not significantly differ from the mitochondrial and Y-chromosome estimates, because of the small sample size and of the associated large standard error. Intractable values result in a negative m c estimate, suggesting a similarity between Turkish and European allele frequencies.
The multilocus approach based on coalescence times gives a range of m M values, also listed in Table  5 . The analysis of selected sets of alleles has a lesser impact on the m M than on the m I and m c estimates for mitochondrial data, but not for Y-chromosome polymorphisms. Regardless of the number of haplogroups considered, female admixture seems close to 30%, in agreement with single-locus estimates. For Y-chromosome microsatellites, conversely, selection of alleles leads to a substantial decrease in the estimated Central Asian admixture. All the m I and m M estimates we consider reliable fall in the interval between 0.25-0.35, and all differ from zero by more than 2 standard errors.
In theory, by the multilocus method, one could also estimate the time elapsed since admixture. However, owing to the presence of the same alleles in the parental and in the hybrid populations, this estimate is zero both for mitochondrial and Y-chromosome polymorphisms (Bertorelle and Excoffier, 
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1998). Here we are speaking of units of mutational time, and so zero really means that admixture was recent enough not to be followed by successive differentiation, which is consistent with the limited time-scale, in evolutionary terms, of the events we are studying. This result is not to be taken at face value, but it certainly suggests that we are not dealing with the effects of very remote admixture.
DISCUSSION
As is usual with DNA data Jorde et al., 2000) , variation in Anatolia appears to be extensive within populations, and limited between them, with only one locus showing significant population differences. Contrary to what was observed elsewhere in Eurasia (e.g., Salem et al., 1996; Seielstad et al., 1998) , population differences in Anatolia are not much greater for the Y chromosome than for mtDNA. As an example, genetic variances (F st ) inferred from Y-chromosome data in Central Asia were 40-fold higher than those inferred from mtDNA data (Comas et al., 1998; Perez-Lezaun et al., 1999) , which was explained by an increased female mobility (Perez-Lezaun et al., 1999) . In Anatolia things are clearly different. Estimates of ⌽ ST among the four samples of this study are 5-fold higher for the markers of the Y chromosome than for the mtDNA markers, neither value being significantly greater than 0.
The models of admixture we know of do not incorporate the effects of genetic drift after admixture. Because drift and sampling have a heavier impact upon rare alleles, the estimates obtained from the common alleles are more robust; incidentally, only for one such allele, DYS19*15, did the Anatolian allele frequencies fall out of the interval between their European and Central Asian counterparts (a result that we earlier defined as implausible).
The genetic features of populations before admixture are unknown, and must be approximated using information on contemporary samples (see Guglielmino et al., 1990) . If the European populations of the eastern Mediterranean region are not too different genetically from the 11th century Anatolian population, and if the Turkmen incomers were not too different from the modern Turkicspeaking groups of Central Asia, this study shows that: 1) the Anatolian gene pool contains a substantial fraction of alleles of Asian origin; 2) immigration rates inferred from female-and male-transmitted traits are similar; 3) if there was a single, nearly instantaneous admixture event, some 30% of the current Anatolian genes have a Central Asian origin; and 4) if there was a continuous input of Central Asian alleles, it occurred at a rate of 1% per generation (or less, had the process started before the first Turkmen contact).
Admixture estimates have large standard errors, and it comes as no surprise that none of them differs significantly from the others. But it is interesting to note that, with one exception, the estimated m values converge in suggesting a Central Asian contribution to the current Turkish gene pool of around 30%. The exception is m M ϭ 47%, based on Y-chromosome diversity. The m M estimator is known to be biased towards 50% if the parent populations separated recently (Bertorelle and Excoffier, 1998) . Because all other estimates we obtained are rather consistent, we think it is safer to interpret the m M estimate as due to the limited statistical power of our data for genealogical inferences over such a short time period.
An instantaneous input of Asian alleles, accounting for 30% of the current gene pool, means that the 11th century invasion entailed a massive movement of people, females as well as males. This is in contrast with historical reconstructions, referring to the Oghuz as an army or a tribe, and not as a large immigrating wave (Roux, 1984; Endress, 1988) . Genetic data cannot tell us whether the historical sources are reliable. But if most Asian alleles in the current Anatolian gene pool arrived in the 11th century AD, the Oghuz invasion had a much greater demographic impact than is commonly believed by historians.
The alternative is a continuous input of alleles from Central Asia (for the sake of clarity, it seems necessary to maintain the schematic opposition between instantaneous and continuous gene flow, although things may well have occurred in an inter- Fig. 5 . Consensus maximum-parsimony tree of the Turkish mitochondrial sequences of this study. For each sequence, the geographic origin and, when possible, the haplogroup definition (according to Macaulay et al., 1999; Torroni et al., 1993; Kolman et al., 1996; Starikovskaya et al., 1998) In a comparable study, gene flow from non-Jewish neighbors into the Jewish gene pool was estimated between 0.6 -2.3% per generation, for the last 100 generations (Morton et al., 1982) . Higher figures, up to 8.7%, have been estimated among Italian communities of the Po valley (Barrai et al., 1984) . Therefore, the immigration rate obtained for Anatolia is not unreasonably high for western Eurasia. However, the above populations moved within a rather small area. Although Asia and Europe were connected through Anatolia by one of the major medieval trading routes, the Silk road (see Comas et al., 1998) , it is unclear whether Central Asian groups could consistently contribute as much as 1% of the Anatolian gene pool at each generation.
One possibility is that, once a Turkic language came to be spoken in Anatolia, gene flow from linguistically related areas was facilitated. Language barriers have been shown to reduce levels of gene flow in various regions of the world (see Sokal et al., 1990) , including the Caucasus, at the borders of Turkey (Barbujani et al., 1994) . However, the opposite case, i.e., higher genetic exchange between geographically distant but linguistically related groups, has only been observed in Africa (Excoffier et al., 1991) . If the amount of admixture estimated in this study is due to continuous gene flow, long-range migration between linguistic relatives would appear substantial in this part of Asia as well.
Which of the models outlined in Table 1 seems to best account for the origin of the current Anatolian gene pool? The hypothesis that we called pure elitedominance is contradicted by the fact that the Central Asian contribution to the Anatolian gene pool appears substantial, regardless of the numerical method used to quantify admixture. It seems worthwhile to emphasize that this result does not rule out that the linguistic replacement, in itself, was an episode of elite dominance, as defined by Renfrew (1989) . What this study shows is that the Asian contribution to the Anatolian gene pool is not zero. Accordingly, two other possibilities remain. One is that the arrival of the Oghuz armies was more a large-scale population movement than a military invasion, contrary to what is suggested by the historical record. This is the model that we called instantaneous immigration. That model, however, predicts greater effects at the Y-chromosome than at the mtDNA level, which this study does not confirm. Alternatively, the historical record may be accurate in suggesting that small numbers of Oghuz Turks invaded Anatolia. In that case, continuous gene flow from Asia should be envisaged at a rate of around 1% per generation, i.e., what we termed a model of continuous immigration. A gene flow rate at around 1% for 40 generations represents a substantial migration process across the large distances separating Anatolia fron Central Asia. Genetic exchange, however, may have been enhanced by linguistic relatedness, which may have weakened cultural barriers to immigration. At this stage, continuous im-migration from Central Asia seems the model which is simplest to reconcile with the available data.
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